Varicella-zoster virus (VZV), the causative agent of chicken pox and shingles, contains a linear double-stranded DNA approximately 125,000 base pairs in size (14). The VZV genome, as determined by restriction endonuclease analysis (8, 15, 16, 29) and DNA sequencing (4, 5, 9), comprises short and long unique regions and repeat elements. The long unique region (UL) of approximately 100,000 based pairs is flanked by an inverted repeat sequence of 88.5 base pairs. A short unique sequence (Us) of 5,232 base pairs is surrounded by larger inverted repeat sequences of 7,320 base pairs.
Schaffer) per cell were added. The cultures were then maintained at the nonpermissive temperature of 39°C for an * Corresponding author. additional 24 h. Control cultures were infected with HSV in the absence of VZV or with VZV alone. Cultures were harvested by scraping, subjected to three cycles of freezing and thawing, and then clarified by centrifugation at 900 x g for 10 min. Virus yields were determined by plaquing on Vero (African green monkey kidney) cells at the permissive temperature of 34°C.
For each experiment, a complementation index (CI) (Table 1) was used to compare the yield from the VZV-HSV coinfection to the sum of yields from separate HSV and VZV control infections by analogy to complementation studies involving pairs of HSV mutants (26) . Since V"V-infected cultures release relatively small amounts of ce -free virus and since VZV does not grow well in Vero cells, controls infected with VZV alone yielded no plaques when harvested and plated on Vero cells.
The HSV mutants used carried mutations in seven different complementation groups. For each HSV strain, the CI listed in Table 1 represents the mean of at least two experiments. The value for tsB21 of 82.7 ± 22.0 (standard error) represents a mean of five determinations and indicates a significant augmentation of yield by coinfection with VZV. Additionally, the value of 3.17 + 0.44 for tsE6 also represents a mean of five determinations and is statistically significantly greater than that observed for wild-type HSV-1, although this difference is less compelling than that seen with tsB21. All other mutants tested, involving mutations in both early and late proteins, were characterized by CIs near 1. Based on these studies, we conclude that VZV is able to complement tsB21 and tsE6. In experiments testing the ability of HSV ts mutants to complement each other, CIs greater than 10 are considered positive, values less than 2 are considered negative, and values between 2 and 10 are intermediate and possibly reflective of intragenic complementation (11) .
To assess whether recombination between HSV and VZV was occurring, plaque numbers were examined at the nonpermissive temperature of 39°C. A significant difference in HSV yield between VZV-HSV coinfections and controls at this temperature would provide evidence for recombinant VZV-HSV progeny. For each virus strain, titers were low in all cases (less than 10 PFU/ml), and no difference between coinfections and controls was found. Determination of yield at various times after infection with tsA24 (a noncomplemented virus) demonstrated a progres- transcript mapping studies have localized a 4.3-kb transcript to the short repeat sequence (Fig. 1) corresponding to the site of the HSV 4.2-kb transcript (22) . This VZV DNA sequence contains an open reading frame that can encode a polypeptide of at least 140 kDa (9) . DNA sequence data predict that three separate regions of the HSV ICP4 and the VZV equivalent protein have significant amino acid homology. Two of these regions, one of 28 amino acids and the other of 187 amino acids, have approximately 50% homology. A third region mapping near the carboxy-terminal end of the protein shows 54% homology over 442 amino acids, with many long domains of nearly 100% homology (7). Additionally, molecular hybridization studies between VZV and HSV-1 DNA have indicated some limited DNA homology in this region (10) .
The mutation in tsE6 involves the 63-kDa immediate-early protein ICP27 (24) . VZV DNA sequence data indicate that VZV may also encode a similar protein from a structurally related region of UL (A. Davison, personal communication). However, VZV complementation involving this mutant did not occur at the level seen with tsB21. It is possible that the VZV equivalent to ICP4 is more closely related to its HSV counterpart than is ICP27, although biological factors such as an additional mutation in tsE6 could also lead to a low CI.
The lack of complementation seen with mutations involving the major DNA-binding protein, DNA polymerase, major capsid protein, and glycoprotein B suggest that the equivalent gene products in VZV may be less closely related to those of HSV. It is noteworthy that tsJi2, a glycoprotein B mutant, was not complemented, despite recent data showing that a cross-reactive monoclonal antibody can recognize both glycoprotein B and a 63-kDa VZV envelope glycoprotein (17) .
To exclude the possibility that a nonspecific mechanism involving VZV activation of cellular or viral genes underlies the VZV-induced complementation reported here, studies were conducted to examine the ability of both adenovirus and cytomegalovirus (CMV) to complement some of the HSV ts mutants (Table 2) . Wild-type adenovirus can activate transcription from the promoters of HSV-i early genes (20) and cellular genes (30) . This activation appears to be mediated by the product of the ElA gene, a protein that is expressed early in infection and regulates the transcription of later genes.
In these experiments, confluent Flow 5000 cells were coinfected with 2.5 PFU of an HSV strain and adenovirus type 5 (courtesy of H. S. Ginsberg) per cell and incubated at (11, 20) . Similarly, the lack of complementation seen with CMV would argue that under these experimental conditions CMV immediate-early gene expression is unable to complement tsB21, even though a cloned CMV fragment containing the major immediate-early gene was able to activate transcription from an HSV-1 early promoter (19) . The major CMV immediate-early protein differs in size from ICP4 (75 versus 175 kDa [27, 32] ) and is a relatively weak activator of HSV-1 early gene transcription (19) .
To further locate the gene responsible for the complementation of tsB21 by VZV, we transfected plasmid DNAs (containing the HSV ICP4 or the putative corresponding VZV gene) into CV-1 cells and then infected them with tsB21 at 39°C (Tables 3 and 4, Fig. 1 ). The ability of transfected cloned HSV DNAs to complement tsB21 and KOS1.1 tsl8, a DNA-binding protein mutant, has been reported by others (23, 24) . Transfection of the HSV-1 DNA plasmid pSG1 (Fig.  1) into CV-1 cells led to a 5-to 25-fold increase in yield of tsB21. When the plasmid pVZVEcoE was used, an approximately 3-to 11-fold increase in yield was observed, indicat- To localize the VZV DNA sequences responsible for complementation, pVZVEcoE was digested with various restriction enzymes (Table 4) . Digestion with EcoRI separated plasmid DNA from the 12.1-kb EcoRI E fragment; no substantial loss of complementing activity occurred. The enzyme Sall has five recognition sites within the short repeat sequence (Fig. 1) , including three within the 140-kDa open reading frame that may encode the VZV ICP4 equivalent (9) . Digestion with this enzyme abolished the complementing activity. Double digestion with BglII and HpaI led to fragments of 6.5 and 11.5 kb. The 140-kDa open reading frame was contained entirely within the 6.5-kb fragment (Fig. 1) .
Two other open reading frames with coding capacities of 20 and 30 kDa were found in the short repeat sequence, with the HpaI site located within the latter (9) . Complementing activity remained after digestion with BglII and HpaI. Although the 20-kDa open reading frame was left intact by the double digestion, none of the Sall sites were present in this sequence or in the UL portion of pVZVEcoE. Therefore, abolition of complementing activity by Sail digestion argues against the presence of complementing genes in these locations. Together, these results localize the complementing activity to the 6.5-kb fragment which contains the entire 140-kDa open reading frame.
The complementation data presented here represent functional evidence for the relatedness of HSV and VZV and provide a technique by which additional VZV genes may be mapped. Among the genes investigated, the strongest candidates for evolutionarily conserved genes between these two viruses are the VZV genes analogous to ICP4 and ICP27. For the ICP4 gene, the technique involving complementation by cloned gene fragments has localized the complementing activity to a specific region of the VZV genome (Fig. 1) .
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